Microirrigation plants, if properly designed, allow to optimize water use efficiency and to 16 obtain quite high values of emission uniformity in the field. Disposing paired laterals, for 17 which two distribution pipes extend in opposite directions from a common manifold, can 18 contribute to reduce the initial investment cost, that represents a limiting factor for small-scale 19 farmers of developing countries where, in the last decade, the diffusion of such irrigation 20 system has been increasing. 21
of paired drip laterals for any uniform ground slope, respecting the criteria to maintain emitter 23 flow rates or the corresponding pressure heads within fixed ranges in order to achieve a 24 relatively high field emission uniformity coefficient. 25
The method is developed by considering the motion equations along uphill and downhill sides 26 of the lateral and the hypothesis to neglect the variations of emitters' flow rate along the 27 lateral as well as the local losses due to emitters' insertions. 28
If for the uphill pipe, the minimum and the maximum pressure heads occurs at the upstream 29 end and at the manifold connection respectively, on the downhill side, the minimum pressure 30
head is located in a certain section of the lateral, depending on the geometric and hydraulic 31 characteristics of the lateral, as well as on the slope of the field; a second relative maximum 32 pressure head could also exist at the downstream end of the pipe.coefficient CV ≤ 0.03), such variation of discharge corresponds to a pressure variations of 68 about 20% of the nominal value, and determines values of emission uniformity coefficient 69 EU, as defined by Karmeli and Keller (1975) , equal to EU = 90% or higher. Of course, the 70 higher the emitter' CV value, the larger the interval of variability of the flow rates around the 71 average value whereas, for a fixed CV, a lower variability of emitter flow rates is always 72 related to a higher distribution uniformity. 73
Moreover, using paired laterals for which two distribution pipes extend in opposite directions 74 from a common manifold, as represented in fig. 1 , for a fixed pipe diameter, can allow 75 maximizing the lateral length while maintaining the pressure variations within the considered 76 range, so that the initial investment cost of the system can be reduced. Al-Samarmad (2002) , 77 considering two design criteria to determine lateral and manifold lengths for a given subunit 78 and using local prices for installing and operating micro irrigation systems, found that the 79 subunit cost decreases as lateral length increases up to a certain limit and then it starts to 80 increase again. 81
The importance of an adequate analysis of trickle lateral hydraulics aimed to find the optimal 82 length or diameter of laterals laid on sloping fields has been emphasized by Kang et al., 83 (1996) . In particular, the forward Step by Step (SBS) procedure, as unanimously recognized, 84 represents the most affordable method to evaluate pressure heads and actual flow rates 85 corresponding to all the emitters in the lateral even if, when applied from the uphill end to the 86 downhill end of the lateral, allows to find the solution after tedious and time consuming 87
iterations. 88
Despite a detailed analysis should require the evaluation of local losses due to emitter's 89 insertion, whose importance has been emphasized by several Authors (Al Amoud an overestimation of the lateral lengths with differences equal to 8.9%, 3.6% and 1.6%, when 99 emitter spacing is equal to 20 cm, 50 cm and 100 cm respectively. 100
When designing paired laterals, it is fundamental to evaluate the best position of the submain 101 pipe (BSP), which was defined by Keller and Bliesner (2001) as the location of the manifold 102 determining the same minimum pressure in uphill and downhill laterals. On level ground the 103 length of both laterals is identical, whereas for any other field slope, the manifold has to be 104 shifted uphill, in a position that balances the differences in elevation and pressure losses in 105 both sides of the laterals. Based on their definition, Keller and Bliesner (2001) developed 106 graphical and numerical solution methods. 107
In order to obtain the required uniformity of water application, 108 proposed a method for design single and paired laterals laid on both flat and sloped fields 109 based on the finite element method and the golden section search (Gill et al., 1989) . For 110 paired laterals, the method allows to obtain the operating pressure head and the BSP at which 111 the maximum uniformity is produced for a fixed emitter discharge, once the lateral length or 112 pipe diameter and other field conditions are given. (paired lateral). Fig. 2 shows the scheme of a single paired lateral characterized by a length L 128 and multiple outlets spaced S, laid on an uniformly sloped field. In the figure, the connection 129 between the manifold and the lateral, the hydraulic grade line and the pressure head 130 distribution are schematically illustrated. As can be observed, n u and n d indicate the number of 131 emitters along the uphill and the downhill sides of the lateral, with n the total number of 132 emitters, whereas i min , represents the number of emitters installed in the downhill side of the 133 lateral, from the manifold connection to the pipe section with the minimum pressure head. 134
For the uphill pipe, the minimum pressure head, ( In order to achieve a relatively high field emission uniformity coefficient along the lateral, it 141 is necessary to limit the variations of pressure head due to elevation changes and head losses. 142
Therefore, indicating h n the nominal pressure head of the emitter, the hydraulic design criteria 143 of the lateral here considered, assumes that the working pressure heads of the generic emitter, 144 , as: 184 , and in the downhill, h f
, laterals can be evaluated as: 190
If considering the uphill side of the lateral, by imposing equal to 0.9 h n the minimum allowed 195 pressure head,   min u h , at the end of the lateral, and equal to 1.1 h n the maximum pressure head at 196 the manifold connection, eq. 6a, for i = n u , can be rewritten as: 197 it is interesting to notice that it does not depend on the spacing S. 232 ) and the downhill end of the lateral, 234 as a function of the lateral slope. As can be observed, the value n d -i min increases with 235 increasing S 0 , whereas for a fixed S 0 , the position n d -i min increases with decreasing K. 236
In the particular case of a lateral laid on a level field (S 0 = 0), as evident, the minimum 237 pressure head is located at the downstream end of the lateral (i min = n d ), for any K value. On 238 the other hand, for a fixed K, the position of the emitter with the minimum pressure in the 239 downhill lateral head, at rising S 0 , shifts uphill. 240
In order to determine the maximum number of emitters in the downhill lateral, it could be 241 possible i) to fix the minimum allowed pressure head at i = i min and to control that h max (d) < 1.1 242 h n or alternatively ii) to fix the maximum allowed pressure head at the end of the downhill 243 lateral and verifying that h min (d) > 0.9 h n . However, according to the results of application (not 244 showed), the former option provides a maximum number of emitters always higher than the 245 latter. Thus, in order to determine the maximum number of emitters in the downhill lateral, 246 the relative minimum admissible pressure head (0.9 h n ) at i = i min , has be imposed into eq. 247
To find the value n d satisfying the imposed condition for any fixed slope of the lateral, the 252 system of eqs. (13) and (14) 
Examples of application 268 269
In the following examples the proposed procedure is applied in order to determine the 270 maximum number of emitters in a paired lateral, under different internal pipe diameters, D, 271 nominal pressure heads, h n , emitter spacing, S, and flow rates, q n , for two different ground 272
The first case is related to a lateral with D = 20 mm, q n = 20 l/h and considers two values of 274 the ratio h n /S (h n /S = 20 and h n /S = 40). According to eq. (5), K value is equal to 5.82e-05. 275
In Fig. 4a-b the number of emitters in the uphill lateral, n u , evaluated with eq. 9, the pairs n d , 276 i min , obtained by solving eqs. (13) and (14), as well as the sum, n d + n u , are represented as a 277 function of the lateral slope |S 0 |, for h n /S = 20 (Fig. 4a ) and for h n /S = 40 (Fig. 4b) . In the 278 secondary vertical axes, the dimensionless nominal pressure head at the end of the downhill 279 lateral,
hS , as well as the minimum and the maximum, 0.9 h n /S and 1.1 h n /S, are also 280
showed. As expected, with increasing |S 0 |, n u decreases whereas n d increases, being the values 281 n u and n d equals for S 0 = 0, and therefore when the manifold connection is placed in the 282 middle of the lateral. As an example, for h n /S = 20 (Fig. 4a) , the optimal number of emitters 283 along the entire lateral, n opt = n u + n d , results maximum (n opt = 165) for S 0 = 0 and decreases 284 with increasing |S 0 |, until reaching a minimum value, The second examined case corresponds to a lateral having internal diameter D = 16 mm and 299 nominal emitters discharge, associated to the pressure head h n , q n = 4 l/h (K = 1.00e-05). 300
Similarly to Fig. 4a-b, Fig. 5a-b shows the number of emitters in the uphill, n u , and downhill 301 n d , lateral, the values min i , as well as the sum, n d + n u , as a function of the lateral slope |S 0 |, 302 and allows one to evaluate the optimal lateral length for h n /S = 20 (Fig. 5a ) and for h n /S = 40 303 (Fig. 5b) . (Fig. 2) . Thus, the knowledge of To generalize the results to the usual values of discharges and internal diameters, i.e. K = 328
1.00e-05 ÷ 1.00e-03, the system of eqs. (13), (14) and (15) (Fig. 6a) and h n /S = 40 (Fig. 6b) . 337 Analysis of Fig. 6a,b evidences, as expected, that parameter K determines a noticeable 338 influence on the number of emitters (optimal lateral length). In particular, for both the 339 selected values of h n /S (20 and 40), the higher the value of K (higher q n or lower D) the lower 340 the number of emitters. Moreover, for a fixed K, the threshold ground slope increases with 341 h n /S. As an example, for K = 1.00e-4, |S 0 th | is equal to -11.4 % and -17.7 %, for h n /S = 20 and 342 h n /S = 40, respectively. Finally, for any K value, increasing h n /S from 20 to 40, determines a 343 constant increment, equal to 29%, of the optimal number of emitters to be installed and 344 therefore of the optimal length of the lateral. 345 the results, on both the uphill and downhill sides of the lateral, the value of pressure head 369 corresponding to the generic emitter tends to rise at increasing x, with maximum differences, 370 for x = 0.5 and for x = 1.0, equal respectively to -1.12 % and -1.74 % for case A, and to -1.47 371 % and -2.24 % for case B. Therefore, the assumption of a constant emitter flow rate 372 determines a quite slight underestimation of the operating emitter pressure heads along the 373 entire lateral. It is also interesting to observe that the position where the minimum pressure 374 head occurs does not depend on the value of the exponent of the flow rate-pressure head 375 relationship. Fig. 8a,b shows, for case A and case B, as a function of the lateral length, the 376 errors on flow rates calculated by considering the pressure head distribution obtained with the 377
proposed approach (x = 0) and the corresponding actual values determined by using the SBS 378 procedure for x = 0.5 and x = 1.0, expressed as a percentage of the latter. As can be observed, 379 for case A, the errors associated to the discharged flow rates result lower than -0.56 % and 13 1.74 % for x = 0.5 and x = 1.0, whereas, for case B, lower than -0.74 % and -2.24 % for x = 381 0.5 and x = 1.0, and therefore always insignificant for practical applications. 382
383
Conclusions 384
385
The paper presents an analytical approach to evaluate the optimal length of paired drip laterals 386 placed on uniformly sloped grounds. In particular, once fixed the geometric and hydraulic 387 characteristics of the lateral, the maximum number of emitters in the uphill and downhill sides 388 and therefore the optimal lateral length and the position of the manifold, can be determined by 389 considering a simplified friction losses evaluation procedure, that assumes constant emitter 390 flow rates and the criteria to fix the variation of pressure head to ± 10% of its nominal value 391 along the entire lateral. The methodology neglects local losses, so that it can be applied when 392 the morphology of emitter connections do not produce significant reductions of the lateral 393 cross section. 394
Two examples of application of the proposed approach, covering different values of nominal 395 flow rates and internal pipe diameters (summarized in a single variable, K) and for different 396 combinations of the nominal pressure head and emitter spacing (h n /S), are presented and 397 discussed. Application of the procedure evidenced that, for any field slope, the optimal 398 number of emitters in the paired lateral increases at decreasing K. Moreover, by fixing K and 399 h n /S, it exists a threshold ground slope according to which operating pressure heads along the 400 entire downhill lateral are in the desired range, assuming its maximum admissible value at the 401 manifold connection and at the end of the lateral and its minimum admissible in a generic 402 section of the lateral. This threshold ground slope tends to increase at increasing h n or at 403 decreasing S. 404
The validation of the proposed approach has been then assessed in terms of its ability to 405 predict the variations of pressure heads along the lateral and consequently to estimate the 406 distribution of emitter flow rates, according to the actual flow rate-pressure head relationship. 407
In particular, application of the iterative forward step-by-step (SBS) procedure, evidenced that 408 the value of pressure head corresponding to the generic emitter tends to rise at increasing 409 values of the exponent x, of the flow rate-pressure head relationship. However, the maximum 410 differences of operating pressure heads along the entire lateral, for x=0.5 and x=1.0 resulted 411 respectively equal to -1.12 % and -1.74 % for the first examined case, and to -1.47 % and -412 
